Methyl 3-(5-(prop-1-yn-1-yl)thiophen-2-yl)propanoate (1), biosynthetically and structurally related to dehydromatricaria ester, was isolated from the root essential oil of Artemisia absinthium L. (0.7% of the total oil). This is the second record of this compound and the very first one regarding it as an essential-oil constituent. In this paper, we give details regarding its isolation, structural elucidation and gas chromatographic properties (RI on DB-5 MS column: 1694). The NMR-based identification of the compound was corroborated by simulation of its 1 H-and 13 C-NMR spectra using a GIAO method (DFT level of theory). A tentative biosynthetic pathway, possibly leading to this compound, is also proposed.
Volatile secondary metabolites (essential oils, EOs) of Artemisia species (Asteraceae) have been rather extensively studied [1] . However, cases of "unidentified" Artemisia EO constituents are still frequent in the literature [1a] . Thus, as a part of our ongoing interest in the volatile profiles of Artemisia taxa [1a,2] , we decided to search for potentially new/unknown/rare (minor) secondary metabolites of A. absinthium L. (wormwood). To do this, we isolated a sample of the essential oil of A. absinthium roots, which, to the best of our knowledge, has been previously studied only on three occasions [2b,3] , and performed a GC-MS screening of its chemical composition. This enabled us to "locate" a candidate target compound ( Figure 1A ), a minor constituent (relative abundance of 0.7% of the total oil), eluting in the RI range of oxygenated sesquiterpenes (RI(DB-5 MS): 1694); the search of the corresponding MS databases (Wiley 6, NIST11, MassFinder 2.3 and the Adams collection [4]) did not result in a positive match. Hence, in order to reveal the chemical identity of this A. absinthium volatile (1), we decided to isolate it from the bulk oil and elucidate its structure using NMR analysis. Furthermore, our idea was to combine spectroscopic with theoretical tools (simulation of 1 H and 13 C NMR spectra using the GIAO method (DFT level of theory)) to confirm unequivocally the identity of the potentially new/rare compound and to try unequivocally to recognize/propose a biosynthetic pathway possibly leading to it.
The isolation of compound 1 from the oil was made by using gradient dry flash chromatography (from pure n-hexane to pure diethyl ether). We obtained a sample of 3.8 mg of the pure target compound that eluted with 2% diethyl ether in n-hexane (v/v). Structural elucidation of 1 was performed by a combination of NMR (1D and 2D experiments: 1 H and 13 C, DEPT90/135, selective homonuclear decoupling experiments, HSQC, HMBC, NOESY, 1 H-1 H COSY) and MS analyses ( Figure 1A) . The 1 H NMR spectrum of 1 showed 6 resonances corresponding to two methyl groups, singlets at δ 2.05 and 3.68 ppm, two sp 3 -hybridized CH 2 -moieties {δ 2.66 (t, J = 7.4 Hz) and δ 3.09 (td, J = 7.4 and 0.9 Hz)} and two CH-groups appearing in the aromatic region {δ 6.92 (d, J = 3.6 Hz) and 6.64 (dt, J = 3.6 and 0.9 Hz)}. Eleven signals were observed in the 13 C NMR spectrum. The values of the corresponding chemical shifts suggested the presence of an ester functionality (non-protonated carbon at δ 172.8), a triple CC bond (non-protonated carbons at δ 89.6 and 73.2 ppm) and a substituted (hetero)aromatic core {4 13 C-resonances, δ 122.4 (C), 124.6 (CH), 131.0 (CH) and 143.8 (C) ppm}.
One of the carbon atoms from the mentioned CH 3 -groups was rather shielded (4.8 ppm), suggesting the existence of a methyl-substituted triple bond. Similarly, the downshielded CH 3 NMR-signals at δ 3.68 and δ 51.9 ( 1 H and 13 C NMR spectra, respectively), disclosed that 1 was a methyl ester. An isotopic [M+2] + ion with a 5.6% intensity of that of the molecular ion (m/z 208) pointed to the presence of a sulfur atom in the structure of 1. This, combined with the values of 1 H and 13 C chemical shifts from the aromatic region of the NMR spectra, and the values of the appropriate vicinal coupling constant (J = 3.6 Hz), suggested the title compound was a 2,5-disubstituted thiophene derivative with the molecular formula C 11 H 12 SO 2 . Additional information regarding the structure (connectivity) was retrieved from 2D spectra (HSQC, HMBC, NOESY, 1 H-1 H COSY). The most important HMBC interactions used in the elucidation are given in Figure 1A . From the results of the above mentioned experiments we concluded that the structure of the unknown EO constituent was methyl 3-(5-(prop-1-yn-1-yl)thiophen-2yl)propanoate ( Figure 1A) .
Interestingly, there is only a single previous study reporting this compound, dating almost 40 years ago [5] . In the very first report on polyacetylenes in A. absinthium, Greger reported 1 as a constituent of wormwood root solvent extract. In his concise paper, published in 1978 [5] , only 1 H NMR (without detailed chemical shift assignments), IR and MS data (these are in accordance with the herein obtained results) were provided. From that time, no reports on this compound have been published. One of the possible reasons for this might be sought in the fact that 1 was not included in any MS/RI database (Wiley 6, NIST11, MassFinder 2.3 and the Adams collection) commonly utilized during EO analyses [4] ; also, no RI or 13 C NMR data were previously available. Moreover, natural products belonging to this class (more than 2000 polyacetylenes are known, with more than 1100 in the family Asteraceae) are considered to be quite unstable compounds, succumbing either to oxidative, photolytic, or pH-dependent decomposition; this renders (1) and the most important HMBC interactions (arrows of different colors were used for clarity) that facilitated the structural elucidation; the values of the chemical shifts and coupling constants observed from 1 H (blue, in italic) and 13 C NMR (red) spectra of 1 are given next to the corresponding nucleus/nuclei; B-The correlation between the experimental (x-axis) and the calculated (WP04/aug-cc-pVDZ; y-axis) 1 H (lower line; y = 0.9706x + 0.2538; R 2 =0.993) and 13 C (upper line; y = 0.9889x + 3.318; R 2 =0.989) NMR chemical shifts. the isolation and characterization of polyacetylenes a rather challenging task [6] .
To additionally corroborate our identification, we decided to calculate the 1 H and 13 C NMR shifts and coupling constants and to compare them with the experimentally observed ones [7] . In order to do this, we first had to optimize the geometry of 1 (B3LYP/ (6-311++G(d,p) ). Vibrational frequency calculations confirmed that this was a potential energy minimum [7a] . In the case of 1, a single, minimum geometry was sufficient for a reliable NMR computation (conformational exchange should only non-specifically "average" the chemical surroundings of CH 2 or CH 3 protons). The calculation of NMR data was made by using a GIAO method, with a recently proposed WP04 functional, a version of the B3LYP that was reparametrized explicitly for calculating chemical shifts in chloroform (WP04/aug-cc-pVDZ) [7b]. The calculated values of 1 H and 13 C NMR shifts for 1 strongly correlated with the experimental ones ( Figure 1B) , although being somewhat overestimated. The correlation coefficients (R 2 ) were ca. 0.99, while the RMSE (root mean square error) was 0.2 ppm for proton shifts and 5.9 ppm for 13 C NMR shifts (without any scaling). The predicted and experimental values of the coupling constants were also in general agreement: 7.4 vs. 6.8 Hz ( 3 J 2,3 ); 3.6 vs. 1.9 Hz ( 3 J 5,6 ) and 0.9 vs. 0.7 Hz ( 4 J 3,5 ) (experimental vs. calculated). Such a correspondence between the calculated and experimental values of  and J can be used as an additional proof of the proposed structure of 1. We wish to stress again that this is the first report of the 13 C NMR data.
The only difference between the herein and previously published results related to the 1 H NMR spectra [5] of 1 concerns the multiplicities of H-3 and H-5. Although the signal of H-3 appeared (and was previously reported) to be a broad triplet, the signal of H-5 was a well-resolved doublet of triplets, with coupling constants of 3.6 and 0.9 Hz (reported to be a simple doublet [5] ). Selective 1 H-1 H homonuclear decoupling experiments confirmed the existence of coupling between H-5 and both H-6 ( 3 J 5,6 = 3.6 Hz) and H-3 nuclei ( 4 J 3,5 = 0.9 Hz); the latter weak long-range coupling between H-3 and H-5 was predicted by DFT-GIAO calculations, as well. The mentioned differences might be a consequence of different field strengths used for the measurement of the NMR spectra and unequal shimming applied in this study (400 MHz) and by Greger [5] (270 MHz).
Scheme 1:
A tentative biosynthetic pathway leading to methyl 3-(5-(prop-1-yn-1yl)thiophen-2-yl)propanoate (1) via dehydromatricaria ester (2; Z-isomer is shown [8, 9] ), deca-4,6,8-triynoate (3; α,β-dihydrodehydromatricaria ester) or (E)-methyl 3-(5-(prop-1-yn-1-yl)thiophen-2-yl)acrylate (4) as (possible) biosynthetic intermediates; the structures of (E)-methyl 5-(5-methylthiophen-2-yl)pent-2-en-4-ynoate (5), α,βdihydromatricaria ester (6; E-isomer) and matricaria ester (7; E,E-isomer).
Thiophene-containing secondary metabolites have been established to originate biosynthetically from (poly)alkynes, which, in turn, are generally derived from fatty-acid (e.g. oleic and/or linoleic acid) and polyketide precursors [6] . For example, methyl esters of C 10 unsaturated acid, such as dehydromatricaria ester (2; well-known polyacetylenic natural compound) are products of the crepenynate pathway of polyacetylene biosynthesis [6] . Isomerization of the appropriate double bonds (from the α,β-unsaturated carbonyl moiety) yield different stereoisomers of C 10 polyacetylenes [6, 8, 9] . Thiophene derivatives could be produced by sulfur addition to a diyne unit, in a stepwise process; cysteine may be the potential sulfur carrier [6] . Having in mind the structure of the title compound, it is reasonable to assume that 1 is biosynthetically related to dehydromatricaria ester (2). Compound 1 could be formed from dehydromatricaria ester (2) in one of two possible ways (Scheme 1). One option is that the initial introduction of a S-atom is followed by α,β-hydrogenation. A possible precursor of this A rare acetylene derivative from Artemisia absinthium Natural Product Communications Vol. 12 (4) 2017 605 biogenetic sequence would be (E)-methyl 3-(5-(prop-1-yn-1yl)thiophen-2-yl)acrylate (4), which is a known compound, obtained after dehydromatricaria methyl ester was fed to Tanacetum vulgare L. (Asteraceae). Similarly, Anthemis nobilis L. (Asteraceae) converted 2 to 5 [9a] . Another possible scenario could include an initial α,β-hydrogenation of 2 to give intermediate 3 (deca-4,6,8triynoate; α,β-dihydrodehydromatricaria ester), followed by the introduction of a S-atom. Compound 3 was previously reported only once in a review article on naturally occurring polyacetylenes, but, as it seems, it was in fact erroneously given the structure of α,βdihydromatricaria ester (6) [9b,9c] . Thus, if only judging from the available literature data on the possible biosynthetic intermediates, the first reaction sequence (introduction of the sulfur followed by hydrogenation and not vice versa) seems to be more likely.
To conclude, methyl 3-(5-(prop-1-yn-1-yl)thiophen-2-yl)propanoate (1), biosynthetically and structurally related to dehydromatricaria ester, was isolated from the essential oil of A. absinthium. This is the second report of this compound ever (it was previously found only once, in A. absinthium solvent extract), and the very first one regarding 1 as an essential oil constituent.
No RI (comparison of retention indices is one of the typically used criteria for a positive identification of EO components) and 13 C data ( 13 C NMR analysis is sometimes used to provide additional corroboration of the GC-MS identification of EO constituents [2b]) for 1 were previously available and it was not included in any of the RI/MS databases that are commonly used in essential oil analysis. This and the general instability of (poly)acetylenic natural compounds might be possible reasons for the lack of literature data on this natural product. Thus, we hope that the new results presented herein (most of all RI on DB-5 MS column and 13 C NMR data) would be of help in future phytochemical studies oriented toward A. absinthium and related plant species. The mentioned data might either facilitate detection/identification of 1 in additional EO (or plant extract) samples or they might be used to confirm unequivocally the restricted natural occurrence of the title thiophene derivative. In the case of the latter, 1 might be even recognized as a valuable chemotaxonomic marker, and could even provide some new insights into the taxonomic relationships between polyacetylene producing Asteraceae/Artemisia species. Moreover, the herein obtained results might be used as an additional justification of the studies targeting minor essential-oil constituents. By an unambiguous disclosure of the chemical composition of minor/trace components, one would contribute to the improvement of currently available RI/MS collections; this would lower the number of "unknowns" and increase the number of successfully identified constituents per analysis.
Experimental
General procedure: HPLC-grade Et 2 O and n-hexane were purchased from Sigma-Aldrich (USA). GC-MS analyses were repeated 3 times for each sample (bulk essential oil, chromatographic fractions and the pure compound) using a Hewlett-Packard 6890N gas chromatograph coupled with a 5975B massselective detector (MSD; Agilent Technologies, USA) and equipped with a DB-5 MS fused-silica capillary column (5% phenylmethylsiloxane; 30 m, 0.25 mm i.d., film thickness 0.25 m; Agilent Technologies, USA). The oven temperature was programmed rising from 70 to 290C at 5/min and then held isothermal at 290C for 10 min; injector temperature, 250C; interface temperature, 300C; carrier gas, He (1.0 mL/min). The samples (the essential oil, chromatographic fractions or the pure compound dissolved in Et 2 O 1:100 (w/v)) were injected in a pulsed split mode (flow of 1.5 mL/min for the first 0.5 min and then 1.0 mL/min throughout the remainder of the analysis; split ratio, 40:1). The MS conditions were as follows: ionization voltage, 70 eV; acquisition mass range, 35-500 amu; scan time, 0.34 s. The attempt to identify the essential-oil constituents (including the title compound) was based on a) comparison of their linear retention indices (RIs), determined relative to the retention times (Rt) of a series of n-alkanes (C 7 -C 21 ; a mixture purchased from Sigma-Aldrich, USA) on the DB-5 MS column ([10] and the literature cited therein), with those reported in the literature [4] , b) comparison of their mass spectra with those of authentic standards, as well as with those listed in the commercial MS libraries (Wiley 6, NIST11, and MassFinder 2.3) [4] , and a homemade MS library, built with the spectra of pure substances and components of known essential oils, and c) co-injection with an authentic sample, wherever possible. Coated Al silica gel plates (Merck, Kieselgel 60 F 254 , 0.2 mm) were used for analytical TLC analyses. The compounds on TLC were visualized by UV light (254 nm) and by spraying with 50%, v/v, aqueous H 2 SO 4 , followed by heating.
The 1 H and 13 C NMR, as well as distortion-less enhancement by polarization transfer (DEPT) and two dimensional spectra ( 1 H-1 H correlation spectroscopy (COSY), heteronuclear multiple bond correlation (HMBC), heteronuclear single-quantum coherence (HSQC) and nuclear Overhauser effect spectroscopy (NOESY) with usual pulse sequences) were recorded on a Bruker Avance III 400 MHz NMR spectrometer ( 1 H at 400 MHz, 13 C at 101 MHz). All NMR spectra were measured at 25°C in CDCl 3 , with tetramethylsilane (TMS) as the internal standard. Chemical shifts are reported in δ (ppm) and referenced to TMS (δ H = 0 ppm) in 1 H NMR spectra, or to residual CHCl 3 (δ H = 7.26 ppm) and 13 CDCl 3 (δ C = 77.16 ppm) in heteronuclear 2D spectra. The following abbreviations were used to designate multiplicities: d-doublet, dtdoublet of triplets, t-triplet, td-triplet of doublets, s-singlet.
Plant material and essential oil isolation:
Roots of Artemisia absinthium were collected in August 2015, in the vicinity of the city of Niš, from the river bank of the river Nišava, southeastern Serbia. After air-drying at r.t. to constant mass, roots (2 x 450 g) were cut into small pieces and subjected to hydrodistillation (3.5 L of dist. H 2 O, 3 h, Clevenger-type apparatus). The obtained EOs were separated by extraction with Et 2 O and dried (MgSO 4 ). The solvent was evaporated under a gentle stream of N 2 at r.t., to exclude any loss of essential oil. After the bulk of Et 2 O was removed, the residue was exposed to vacuum at r.t. for a short period, to eliminate the solvent completely. Multiple gravimetric measurements were taken during 24 h, to ensure that all of the solvent had evaporated. Total oil yield was 1.5 g (0.17%, w/w). 3-(5-(prop-1-yn-1-yl)thiophen-2-yl) propanoate (1): The essential oil (0.5 g) was subjected to dry flash chromatography using n-hexane-Et 2 O mixtures of increasing polarity (gradient conditions, from pure hexane to pure Et 2 O). The fractions were pooled according to TLC and GC-MS analyses. Fractions 17-24, hexane-Et 2 O (49:1, v/v), proved to be pure 1 (3.8 mg; 0.7%, w/w). (prop-1-yn-1-yl) (6), 208 ([M + ] 46), 193 (1), 175 (1), 165 (1), 148 (37), 135 (100), 123 (1), 115 (6), 102 (3), 91 (13), 83 (2), 77 (5) , 69 (4), 63 (3), 51 (4), 45 (3), 39 (3).
Isolation of methyl

Methyl 3-(5-
Theoretical studies: The B3LYP DFT method (6-311++G(d,p) basis set) was used for the optimization of 1 geometry; no geometric constraints were used. The optimized structure was confirmed to be a potential energy minimum by vibrational frequency calculations at the same level of theory (no imaginary frequencies were found). Chemical shifts and coupling constants of the optimized geometry of 1 were calculated using the GIAO method with WP04 functional; aug-cc-pVDZ basis set) [7] . All calculations were performed in the Gaussian 09 program package ([7a] and the references cited therein).
